The high performance of chemically-modified silica gel packing materials is based on the utilization of pure silica gels. Earlier silica gels used to be made from inorganic silica; however, nowadays, silica gels are made from organic silanes. The surface smoothness and lack of trace metals of new silica gels permits easy surface modifications (chemical reactions) and improves the reproducibility and stability. Sharpening peak symmetry is based on developing better surface modification methods (silylation). Typical examples can be found in the chromatography of amitriptyline for silanol testing and that of quinizarin for trace metal testing. These test compounds were selected and demonstrated sensitive results in the measurement of trace amounts of either silanol or trace metals. Here, we demonstrate the three-dimensional model chemical structures of bonded-phase silica gels with surface electron density for easy understanding of the molecular interaction sites with analytes. Furthermore, a quantitative explanation of hydrophilic and hydrophobic liquid chromatographies was provided. The synthesis methods of superficially porous silica gels and their modified products were introduced.
Introduction
This aim of the review is to explain the properties of the bonded phases. First, definition in liquid chromatography was described using in silico analysis. We then visualized the electron localization of the ligands and the selective molecular interaction that is used to teach organic synthesis chemistry and charge transfer complexes. Then, new developments in bonded-phases were summarized especially for ionic liquid phases. In addition, the historical background, synthesis methods, and specificities of superficially porous silica gels were described.
Since the last review [1] , the inertness and chemical stability of current bonded-phase silica gels have been improved by the development of chemical surface modification methods for silica gels. The theoretical analysis of packing materials based on the van Deemter equation has been applied to determine the performance of recently developed superficially porous (core-shell and fused-core) particles [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The physical performance of columns is well discussed; however, the chemical part of retention mechanisms of packing materials was not described quantitatively. The retention of analytes on, or in, a stationary phase depends on the physicochemical interaction between the analytes and the stationary-phase material. When a strong solvent, in which the analyte readily dissolves, is used for elution, the analyte is eluted very quickly from the column. The forces holding an analyte on the stationary phase are similar to those responsible for its dissolution in the solvent. Eight solubility factors are recognized: van der Waals force (a combination of van der Waals volume, repulsion, and London dispersion), dipole-dipole, ion-dipole, Coulombic and repulsion forces, charge-transfer complexation, and hydrogen bonding and coordination bonds. However, some of these are explained lower steric hindrance in a complex. The hydrogen bonding energy values of R-and S-amino acid complexes are lower than those of R-and R-complexes or S-and S-complexes.
The probable interaction can be quantitatively calculated with a molecular mechanics (MM) program using the chemical structures of analytes and model stationary phase materials [13] [14] [15] 27] . MI calculations were first applied using simple model compounds. MM calculations can provide hydrophobic interaction, Coulombic interaction, and hydrogen bonding, as well as van der Waals (VW) energy, electrostatic (ES) energy, and hydrogen bonding (HB) energy values [15] . MI sites are indicated by changes in the atomic partial charge (apc) of contact atoms. For example, the ∆apc of hydrogen was found to be 0.002 AU in hydrophobic interaction between two n-hexane molecules while analyzing hydrophobic interaction. The ∆apc of oxygen in diethylether was found to be 0.032 au in a study of π−π interaction. The ∆apc of hydroxyl hydrogen of pentylalcohol was found to be 0.013 AU when HB was analyzed between two pentylalcohols. When the ion-ion interaction was analyzed between butyric acid and pentylamine, the ∆apc values of butylic acid oxygen and pentylamine nitrogen were found to be 0.044 and 0.036 AU, respectively [28] . Especially, chiral recognition cites are clearly indicated by ∆apc [15] . These MI energy values (kcal mol −1 ) are the sum of a solute and model phase energy values minus a complex energy value, calculated as per the following equations [15] , where MIHB, MIES, and MIVW are the MI energies of hydrogen bonding (HB), electrostatic (ES), and van der Waals (VW) energy values, respectively.
MIHB = HB (molecule A) + HB (molecule B) -HB (molecule A and molecule B complex), MIES = ES (molecule A) + ES (molecule B) -ES (molecule A and molecule B complex), and MIVW = VW (molecule A) + VW (molecule B) -VW (molecule A and molecule B complex).
The relative MIHB, MIES, and MIVW values indicate their contribution levels. The alkyl-chain length effect was further analyzed using alkyl alcohols as the model phases and benzoic acid as an analyte. In this model analysis, MIES was changed as the alkyl alcohol was varied up to propyl-phase, especially for ionized benzoic acid, but MIHB was constant. This result indicated that an anion may reach a chemically bonded site of silica gel and not be repulsed from the alkyl groups. Therefore, short alkyl chain bonded silica gels are chemically unstable in water-rich eluents in reversed-phase liquid chromatography [29] .
The selectivity of bonded-phase silica gels was also analyzed using the same approach to explain the differences between the hydrophilic, hydrophobic, and ion-exchange mechanisms. The model phases were pentyl-, hexenyl-, hexylamino-, and ionized hexylamino-bonded silicone trioxide. Among various polar bonded-phases silica gels, the hexylamino-bonded silica gel is stable and can be used in both aqueous hydrophilic and ion-exchange liquid chromatography with high reproducibility. Hexenyl-bonded silica gel is also used in hydrophilic interaction liquid chromatography (HILIC) [27, 30, 31] . The model compounds are toluene and benzoic acids in molecular and ionized forms. Hydrogen bonding and weak electrostatic interaction contribute to the retention in HILIC. Strong electrostatic interaction is dominant in ion-exchange liquid chromatography [30] . Further studies were carried out using model octyl-, hexenyl-, hexylamino, and hexylguanidino-bonded lead trioxide. The analytes were benzoic acid, phenol, 4-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, benzene, toluene, and ethylbenzene. The liquid chromatography was performed using a 20 mM sodium phosphate solution containing 50% methanol. The calculated energy values indicated the selectivity of these model phases and the retention mechanisms. These compounds were retained at the alkyl-ligands of the bonded-phases by VW interaction, and the polar groups by HB. The difference in the molecular interaction strengths were quantitatively analyzed using the calculated energy values [31] .
A further study was carried out using flat model phases. The simplest model phase is a graphitized carbon phase. It consists of large, flat, polycyclic hydrocarbon constructed using sp 2 carbon atoms [32] . Furthermore, sp 3 carbon atoms can form a honey comb-type homogeneous support [33] . The model phase was applied to analyze the retention times of phenolic compounds [34] and aromatic acids [35] Separations 2019, 6, 2 4 of 20 in addition to drug-albumin binding affinity [36] . Model ion-exchangers were constructed and the chromatographic behavior of acidic drugs on a guanidino ion-exchanger [37] and basic compounds on a carboxyl ion-exchanger [38] was studied. However, the alkyl bonded phase is dense; therefore, it was suitable for the analysis of the retention times of flat molecules such as phenolic compounds [39] . An alkyl-bonded poly silicone dioxide phase was constructed and applied to analyze phenolic compounds [40, 41] , acidic drugs [42] , basic drugs [43] , and aromatic acids as well as chromatographic behavior of steroids in normal-phase (nonaqueous HILIC) [44] . Furthermore, a large sp 3 atom, lead, was used to build a model homogeneous phase, and the mew model phases were used to analyze the retention data of acidic drugs measured using a pentyl-and an octyl-bonded silica gels was analyzed. The addition of MI energy values calculated using a model solvent phase improved the in silico analysis of the retention time of acidic drugs in reversed-phase liquid chromatography [45] .
Definition in Liquid Chromatography
Recently, new bonded-phase silica gels have not appeared as common packing materials for reversed-phase liquid chromatography. However, the development of new packing materials has been focused on hydrophilic interaction liquid chromatography. Hydrophilic interaction is also the main MI in normal-phase liquid chromatography. HILIC should be actually aqueous HILIC, while normal-phase liquid chromatography is actually nonaqueous HILIC. Ion-exchange liquid chromatography should be independently classified.
The packing materials for aqueous HILIC have a polar group in their structure. The simple polar group is a part of the bonded ligands in reversed-phase liquid chromatography, if the packing materials should be used in a 100% aqueous solution. When imidazole is used as the polar group of the bonded phases, the packing materials can be used in 100% aqueous solutions. Imidazole and other polar groups expanded the selectivity of bonded-phase silica gels. In reversed-phase systems, hydrophobic interaction is the main retention mechanism. However, the presence of additional polar groups improved the capability of hydrogen bonding and electrostatic interaction, and expanded the selectivity of bonded-phases. The drawback is the reduced the chemical stability, the same as that seen in the packing materials developed for reversed-phase systems in 100% aqueous solutions.
The retention mechanism of HILIC mode liquid chromatography is a combination of hydrophilic interaction and Lewis acid-base interaction. Hydrophilic interaction is based on hydrogen bonding and the electrostatic force. The Lewis acid-base interaction is also due to electrostatic forces. The electrostatic force in the HILIC mechanism is like contact charge transfer: the energy level is smaller than the hydrogen bonding energy. However, the electrostatic energy level is higher in the ion-exchange mechanism. Such a difference is quantitatively described by using hydrogen bonding and electrostatic energy values calculated using the MM program. The H in HILIC means hydrophilic and is the opposite of hydrophobic. In general, hydrophobic interaction is mainly used to explain the retention mechanisms in reversed-phase liquid chromatography. Reversed-phase liquid chromatography is the inverse of normal-phase liquid chromatography. However, it seems that HILIC is not the same as normal-phase liquid chromatography. If hydrophobic interaction is eliminated from the retention mechanisms in liquid chromatography, the remaining interactions are hydrogen bonding and Coulombic interaction. Coulombic interaction is the main mechanism in ion-exchange liquid chromatography, whereas hydrogen bonding is the main mechanism in normal-phase liquid chromatography [15] . The difference between HILIC and normal-phase liquid chromatography seems to be the properties of solvents used as components of the eluent. In general, only organic solvents are used in normal-phase liquid chromatography; however, water-saturated organic solvents are often used to improve the separation. Since "hydrophilic" means not hydrophobic, the hydrophilic interaction includes hydrogen bonding and Coulombic interaction. That is, HILIC is aqueous HILIC and normal-phase liquid chromatography is nonaqueous HILIC. Ion-exchange liquid chromatography is independent of HILIC. Ion-exchangers have a longer history than modern bonded-phases. The first automated high-performance liquid chromatograph was an amino acid analyzer. The current degree of performance is more than 1000 times higher based on the retention times. However, current silica core ion-exchangers are chemically unstable compared to the classic ion-exchange resins. The chemical stability of ion-exchange resins used for ion-chromatography is still superior to that of current bonded-phase ion-exchangers. However, a variety of ion-exchangers have been developed to meet the requirement of selective purification from a complex matrix. Especially, various ionic liquids (ILs) based on imidazole structures have been synthesized and used for extraction and separation as liquid and immobilized forms.
Therefore, ion-exchange liquid chromatography should remain classified as an independent chromatographic method. The retention mechanism of ion-exchange liquid chromatography occurs via the exchange of ions interacting (adsorbed) with the ion-exchange groups of the ion-exchangers. However, the molecular forms of the analytes are retained on ion-exchangers by Lewis acid-base (charge transfer) interaction, as well as by hydrogen bonding. The chemical structures of model bonded ligands are shown in Figure 1 and their electron density maps are shown in Figure 2 where electrophilic susceptibility is shown for their easy visualization. The hydrophobicity of up to C4 alkyl-chains is affected by siloxane oxygen. The reason can be observed by the electron density of the end methyl group indicated in circle from C1 (methyl) to C6 (hexyl). Up to C3, the methyl group showed different color compare to those of beyond C4. The electron density maps of alkyl groups supported the results obtained in the study of the alkyl group contribution to the polar group interaction as well as that to HB of alkyl alcohols [17] . Other model ligands in the Figure 1 are a part of the chemically stable bonded silica gels. The pentyl-ligand provided stability to the bonded-phase silica gels [1] .
The hexenyl (HxNy in Figure 1 )-bonded silica gel can be used in both hydrophobic (reversed-phase) and hydrophilic interaction liquid chromatographies. In acidic condition, the molecular form benzoic acid interacted via hydrogen bonding with the vinyl-group of model hexenyl-phase, but not at high pH. Ionized benzoic acid did not show the strong interaction with this hexenyl-bonded silica gel. However, both molecular and ionized form anilines interacted with the vinyl group of model hexenyl-phase via hydrogen bonding. The electron density maps of complexes are shown in Figure 3 . Figure 3A ,B depicts the complexes between hexenyl and benzoic acid (A) or ionized aniline (B).
A hexylamino-phase may contribute for both HILIC and ion-exchange liquid chromatography. The amino group formed hydrogen bonding with benzoic acid carboxyl-group but not with the ionized form. The amino group also interacted with ionized amino group of aniline via electrostatic interaction. The hexylamino group formed strong hydrogen bonding with benzoic acid at low pH, and tightly contacted with benzoic acid at neutral pH via electrostatic interaction. However, it did not show strong interaction at high pH. The ionized amino group demonstrated hydrogen bonding with toluene at low pH. This is an interaction between amino-group hydrogen and toluene phenyl-group [30] . The example of electron density maps of these complexes are shown in Figure 3 . Figure 3C is a complex between hexylamine and benzoic acid, and 3D is that between ionized aniline and ionized benzoic acid (ion-ion interaction). Figure 3G is enantiomer (3F) recognition of chiral phase (3E). The comparison of electron density of these molecules and that of their complexes was clearly visualized these complex conformations. The detail of their interaction strength can be obtained as MI energy values. However, both benzoic acid and aniline interacted with these model phases via hydrophobic interaction indicated by the VW energy value difference. When these molecules were located at free space, they formed the side-by-side complexes. However, these ligands are densely bonded and such free rotation of bonded phase should be limited in HILIC condition. The free movement of ligands may be occurred in organic modifier rich reversed-phase liquid chromatography [29] . 
New Developments in Bonded-Phases
Ionic liquids (liquid ion-exchangers, IL) have been used for the extraction of a variety of both inorganic and organic compounds and also as stationary phases in chromatography since 1969. The structures of Ils can vary based on their polar or nonpolar skeletons and conjugated ion-exchange groups. ILs are the subject of over 4500 chromatography related publications including more than 213 reviews and book chapters. However, the rate of publications has accelerated since 2004 due to further demands for selective concentration methods leading to the synthesis of new ILs.
As described in some past reviews [46, 47] , ILs are unique and fascinating non-molecular solvents with unique characteristics such as a negligible vapor pressure associated with a high thermal stability, tunable viscosity, and miscibility with water and organic solvents. They generally consist of an organic cation and inorganic or organic anion. ILs are supposed to be liquid in most environmental conditions [46] [47] [48] . However, ILs can be used as both adsorbent and solvent depending on the physical conditions. They can be used for liquid-liquid extraction (concentration), while the immobilized materials can be used for liquid-solid extraction (concentration). This physical flexibility permits ILs to be used for a variety of analytical methods.
ILs have been used in sensing/biosensing and separations applications as stimuli-responsive polymers with unique characteristics [46] . Room temperature ionic liquids are good solvents for 
ILs have been used in sensing/biosensing and separations applications as stimuli-responsive polymers with unique characteristics [46] . Room temperature ionic liquids are good solvents for nonionic compounds with different blend of intermolecular interactions, as shown by solvatochromic Separations 2019, 6, 2 9 of 20 measurements and the system constants of the solvation parameter model. They are used as mobile phases or mobile phase additives in chromatography [47] . Immobilized ILs are sorbents with the properties of solvents. A magnetic IL was developed and its specificity allowed it to be applied for useful sample collectors [48] .
The miscibility of ILs with water permits the reduction of organic solvent concentrations; therefore, analytical methods using IL can be called greener chemistry [49] [50] [51] [52] . Different QSAR studies have been performed on ILs and highlighted their safety, health, and environmental issues [47] . ILs have been used for small scale extraction and reversed-phase HPLC systems. ILs are not intrinsically nontoxic agents. Different QSAR studies have been performed on ILs and highlighted the safety, health, and environmental issues [49, 50] . Extraction-separation processes using aqueous IL solutions have been suggested from a green chemistry perspective [51] . ILs are proposed for greener, faster, and simpler sample preparation [52] . The recent advances in greener RP-HPLC methods dedicated to pharmaceutical analysis are based on the use of alternative solvents [53] .
Typical Structures of Bonded-Phase for HILIC
Since 36 structures of ILs were illustrated [54] in 2012, many ILs have been synthesized by covalently attaching an imidazole group to the silica surface. Some ILs have been polymerized on the surface of solid supports. Some of them are zwitter ions [55] . Based on their physical and chemical divisibility, ILs have been used for various microextraction techniques. One drop liquid-liquid extraction, surface coated wire, and beads adsorption methods have been applied as microextraction techniques [56] [57] [58] [59] [60] [61] [62] . The practical applications of IL-nanomaterial hybrids for the development of analytical and preconcentration techniques were reviewed [58] . The properties and diversity of IL applications were described, especially for solid phase microextraction [59] . An improvement in the extraction performance of chromatographic materials might be reflected in the use of ILs for the stationary phase [60] . A stainless steel fiber was coated with a polymeric IL through covalent bonds for solid-phase extraction of polycyclic aromatic hydrocarbons in water [61] . Three IL-functionalized silica materials-imidazolium, N-methylimidazoliun and 1-alkyl-3-(propyl-3-sulfonate) imidazolium-were synthesized and applied to the solid-phase extraction of organic acids, amines, and aldehydes in atmospheric aerosol particles. Mechanisms were proposed to explain their selective adsorption [62] . The electron density of model imidazolium phases is shown in Figure 3A ,B. Figure 3A is a model N-methylimidazolium [62] and 3B is a model N-(propyl-3-sulfonate) imidazoliun phase [63] . The imidazole ring is polar and miscible with water and interacts with analyte polar group. The additional substitutes will improve the selectivity. The selective interaction can be visualized using electron density map for the easy explanation as shown the examples in Figure 4 . nonionic compounds with different blend of intermolecular interactions, as shown by solvatochromic measurements and the system constants of the solvation parameter model. They are used as mobile phases or mobile phase additives in chromatography [47] . Immobilized ILs are sorbents with the properties of solvents. A magnetic IL was developed and its specificity allowed it to be applied for useful sample collectors [48] . The miscibility of ILs with water permits the reduction of organic solvent concentrations; therefore, analytical methods using IL can be called greener chemistry [49] [50] [51] [52] . Different QSAR studies have been performed on ILs and highlighted their safety, health, and environmental issues [47] . ILs have been used for small scale extraction and reversed-phase HPLC systems. ILs are not intrinsically nontoxic agents. Different QSAR studies have been performed on ILs and highlighted the safety, health, and environmental issues [49, 50] . Extraction-separation processes using aqueous IL solutions have been suggested from a green chemistry perspective [51] . ILs are proposed for greener, faster, and simpler sample preparation [52] . The recent advances in greener RP-HPLC methods dedicated to pharmaceutical analysis are based on the use of alternative solvents [53] .
Typical Structures of Bonded-phase for HILIC
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ILs can be used like ion-pair reagents due to the miscibility with water [63] [64] [65] [66] [67] [68] . Imidazolium-based ILs have been used as mobile phase additives [67] and modifiers [68] . ILs were also used as a silanol suppressor to eliminate the silanol effect that causes tailing of basic compounds on silica-based packing materials. The physical chemistry of the stationary phases in liquid chromatography has been discussed to explain the use of ILs as silanol suppressors [69] . ILs have been immobilized for practical use as stationary phases in liquid chromatography [70] [71] [72] [73] [74] [75] [76] . A surface-initiated radical chain-transfer polymerization method was applied with 1-vinyl-3-octadecylimidazolium bromide as an IL monomer. The Br-counter anion was then exchanged for methyl orange via an in-column process [70] . Twenty-one surface-confined IL stationary phases had been developed by 2011. Their preparation, chromatographic behavior, and analytical performance were summarized [71] . The preparation and application of IL-modified stationary phases in HPLC was described [72] . Imidazolium-based zwitter-ionic stationary phases were synthesized using thiolene click chemistry [73] . ILs have been immobilized as stationary phases for liquid chromatography [74] . The optimization of HPLC conditions and parameters for the chiral resolution of racemic drugs on macrocyclic glycopeptide-based chiral stationary phases was discussed [75] . The feasibility of immobilized IL phases has been described [76] .
Polar groups of ILs are suitable for HILIC [77] [78] [79] . Specific structures have been used for enantiomer separations [80] [81] [82] [83] . Furthermore, ILs have been used to synthesize monolithic columns, and the incorporation of ILs in porous monoliths increased their selectivity [84, 85] .
The wide range of hydrophobicity, ionic characterization, and steric hindrance has been used for chromatography in a variety of applications, such as bioactive compounds [86] [87] [88] [89] [90] [91] , natural products, foods, drugs, and fine chemicals [92] [93] [94] , including polychlorinated biphenyls, alkylphenols, and parabens, PAH, and phthalate [95, 96] . An interesting approach was proposed for applications in drug delivery using drug ILs [97] . They were used for extraction of bioactive compounds in plants [88] , and also as extraction solvents, for separation and preconcentration in chromatography [86] . Analytical methods using sphingosine 1-phosphate modulators in various biological matrices were reviewed including sample processing and chromatography [89] . Polymeric ILs have been used for the extraction of natural products, foods, drugs, and fine chemicals [90] ; for microextraction techniques in food analysis [94] ; and as new sorbents for SPME [96] . The introduction of third generation ILs into the pharmaceutical world may offer more design options. Active pharmaceutical ingredients can be readily converted into ILs, generally called drug ILs. These are also referred to as designer solvents, as the design of a liquid salt can be carried out to improve some properties such as viscosity, hydrophilicity, and many other chemical and physical properties; because of this tunable nature ILs have many applications in drug delivery [97] . Free-form ILs are also used for counter current chromatography, because they have high sample loading capacity and are suitable for the purification of biorelated compounds [98, 99] .
The difference of retention mechanisms of hydrophobic (reversed-phase) and hydrophilic liquid chromatography was quantitatively described using simple MM calculations. The MIVW was predominant for hydrophobic interaction liquid chromatography, and MI HB was predominant for HILIC. MIES was predominant for ion-exchange liquid chromatography. The contribution of MIES for HILIC was weak and that for ion-exchange was strong. Furthermore, the direct contact sites were indicated using atomic partial charge [15] . Three dimensional structures of model hexyland hexenyl-bonded silica gels are shown in Figure 5 . Quinizarine carboxyl group contacts with the vinyl group of hexenyl ligands ( Figure 5A ), and ionized quinizarine remains on the surface of the hexyl-bonded phase ( Figure 5B ). Such demonstrations using simple molecules support the detail of the molecular interaction mechanisms. 
Superficially Porous (Core-Shell and Fused-Core) Packing Materials
A variety of packing materials using silica gels have been developed and commercialized since the beginning of high-performance liquid chromatography. At the beginning, it was called high-pressure liquid chromatography, much as we use the term ultrahigh-pressure liquid chromatography (UHPLC) for new systems. μBondapack from Waters is synthesized based on a porous silica gel, and many bonded-phase silica gels exhibit similar performance. On the other hand, Zorbax from DuPont (previous manufacturer) is synthesized from nonporous materials; various ligands are bonded to achieve high performance separations. According to the van Deemter equation, reducing the height equivalent to theoretical plate (HETP) is required for an efficient separation. The HETP value can be expressed as the sum of (A) eddy diffusion, (B) longitudinal diffusions, and (C) resistance to mass transport in the stationary and mobile phases.
A: Eddy diffusion is a result of the presence of particles of stationary phase material in a column, and depends on the stationary phase conditions, shape of the column, and the structure of stationary phase material. The influence of the stationary phase material can be divided into the particle size, the shape of the particles, and the porosity of the particles. Eddy diffusion depends on the irregularity of the particle (particle shape) and the column material: the relative effect will always increase as the column diameter decreases. The eddy diffusion will be limited when small spherical particles are uniformly packed.
B: Longitudinal diffusion can be reduced by an increase in the viscosity of the solvent or by a decrease in the temperature. Longitudinal diffusion can thus be reduced by decreasing the diffusion coefficient and increasing the flow rate; however, these two actions are counter-effective in liquid chromatography because of the mass transport term.
C: This diffusion effect results from the mass transfer of the analyte between the stationary and mobile phases, and is a fundamental phenomenon in high performance liquid chromatography. The injected analyte molecules are first present in the mobile phase. They are then transferred back and forth from the stationary phase in order to interact. This process is repeated along the column, from the inlet to outlet. The diffusion is affected by a parameter that depends on the type of stationary phase used, e.g., spherical, irregular, fiber, or porous. The average residence time of analyte molecules in the stationary phase is related to the thickness of the stationary phase and the diffusion constant of the analyte molecules in the stationary phase. This means that a thinner or shallower stationary phase gives higher performance in liquid chromatography. However, the sample loading capacity in thinner stationary phase is small.
The smaller the particle size the more efficient the theoretical plate numbers. Jorgenson used small porous silica gels to obtain very high efficiency packed columns based on the van Deemter equation. However, it required very high pressure, so-called ultrahigh pressure. It is a challenge to reduce the operation pressure without decreasing the separation power. One potential solution to this problem is the utilization of modern pellicular-type packing materials. The difference from 
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The smaller the particle size the more efficient the theoretical plate numbers. Jorgenson used small porous silica gels to obtain very high efficiency packed columns based on the van Deemter equation. However, it required very high pressure, so-called ultrahigh pressure. It is a challenge to reduce the operation pressure without decreasing the separation power. One potential solution to this problem is the utilization of modern pellicular-type packing materials. The difference from (classic) Zipax is the size of the core material, which is smaller than that of Zipax. Another pellicular-type of packing material uses a small, nonporous silica cores, different from classic Corasil-like materials [100] [101] [102] . Fast analysis of ions was achieved by the development of pellicular-type ion-exchangers. The new types of ion-exchange resins demonstrated the quick transfer of analytes and were marketed as the heart of ion-chromatography [103] . The difference between modern and classic packing materials can be easily estimated from the difference in their surface areas. The performance follows the present superficially porous type packing materials.
Superficially porous packing (SPP) materials are one solution if the retention capacity is practically equivalent to that of fully porous packing (FPP) materials. The surface of nonporous beads can be chemically-modified to improve the quick mass transport of analytes between the surface of the packing materials and the mobile phases. The core size of modern pellicular-type materials is very small based on the availability of nonporous monodispersive silica gels. Therefore, the total surface area of packing materials inside the column becomes competitive with porous packing materials [3] [4] [5] [6] [7] [8] [9] [10] [11] .
First, small size silica gels were attached on the surface of large nonporous silica gels and marketed as Zipax. The advanced materials were also synthesized by the Kirkland group [104] . The main merit of this synthesis method is the easy control over the surface pore size. Another pellicular-type silica gel marketed by Waters was Corasil, and the advanced products were also synthesized by Waters [105] . Similar approaches were developed, and several modern pellicular-type silica gels were synthesized and are now available. Another approach is to synthesize a porous silica gel film on the surface of a nonporous core silica gel. Various thick layers can be deposited on both inorganic and organic core materials.
The surface of nonporous beads was chemically-modified to improve the quick mass transport of analytes between the surface of the packing materials and the mobile phases and also increases the selectivity. Previously, these packing materials were called pellicular-type packing materials. However, the retention capacity of previous packing materials is very low compared to that of porous packing materials. The thinner the surface layer, the more the efficiency is increased, but the lower the loading capacity. The core size of modern pellicular-type materials is very small based on the availability of nonporous monodispersive silica gels. Therefore, the total surface area of the packing materials inside the column has becomes competitive with that of porous packing materials.
Synthesis of Superficially Porous Silica Gels
There are many methods of synthesizing superficially-bonded silica gels. These synthesis methods are classified into three categories:
1.
Attaching small nonporous particles on the surface of nonporous core silica gels [104, 106] : Nanoparticles in solution are fused to the surface of the nonporous silica core using urea-formaldehyde, and the remaining organics are removed by high temperature treatment [104] . A SPP of 1.1 µm was synthesized by depositing colloidal silica [106] . Nanodiamond SPP was also developed. The chemical (pH 1-13) and thermal (<100 • C) stability may make them especially opportunity to use for special separations [107] . 2.
Growing porous silica gels or whiskers on the surface of nonporous core silica gels [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] : Many synthesis methods are focused on growing porous silica gels or silica whiskers on the surface of nonporous core silica gels. However, the reaction methods used to do this are similar and based on polymerizing organic silicones such as tetraethoxysilicone and tetramethoxysilicone in solutions containing cationic surfactants. The selection of additives and different physical conditions produced a variety of SPPs [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] . 3.
Further etching the surface of SPPs [111, 116, 122] : SPPs were synthesized, and the pore size was enlarged via acid-refluxing [116] . The SPP was synthesized using a pseudomorphic transformation. The outer-layer of solid silica was dissolved and reprecipitated to form a porous layer during this process [122] , thus growing a porous silica layer from organic silicones onto the surface of a nonporous silica gel. Further washing using an acidic or basic solution can be used to increase pore size [111] .
The schematic models of above three types of SPPOs are shown in Figure 6 . The performance of a 2.7 µm SPP-packed column was equivalent to that of a 1.8 µm FPP; however, the pressure was approximately half [3] . The relation between column size and injection capacity using SPP was studied and it was concluded that it could be done, but revalidation was recommended [4] . Sub-2 µm SPP-packed columns demonstrated higher efficiency with high pressure; however, a sub-3 µm SPP-packed column could be a more practical choice due to its low column pressure and the availability of ordinary HPLC systems [5] .
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Performance of Superficially Porous Packing Materials based on the van Deemter Equation
The column shape and the physical properties of packing materials have been analyzed based on the van Deemter equation [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] . The particle size distribution was studied for its contribution to band broadening in chromatographic columns [123] and effects in capillary columns [124] . Diffusion was theoretically explained along columns packed with FPP and SPP materials [125, 126] . The extra-column band broadening inside small size columns using SPP was investigated [127] . The mass transfer kinetics of the different contributions to the HETP were analyzed, and specifically described for small particle packing materials [128] [129] [130] [131] [132] .
Applications of Superficially Porous Packing Materials
New bonded phases such as N-hydroxyethyliminodiacetic acid for chromatography of 14 lanthanides and yttrium [133] , anthracenyl-phase for the aromatic selectivity [134] have been developed. A variety of brush-type chiral stationary phases [135] were synthesized, and a hydroxypropyl-β-cyclodextrin-phase [136] and a quinine-phase [137] were also synthesized and their high-speed separation was demonstrated by comparison with their related FPP packing materials. Ultrafast chiral separation using SPP was also demonstrated [138] . The superiority of SPP materials for chromatography of macromolecules (biomolecules) was described [139] [140] [141] . This high performance was applied for food analysis [142] .
Conclusions
Chromatographic separation is achieved by the use of a high plate number column and the selectivity of the stationary phase. The explanation of the theoretical plate number is the physical part, and the selective separation is the chemical part of chromatographic science.
Understanding the fundamental retention mechanisms in chromatography allows the researcher to select a suitable packing material and chromatographic conditions, such as the Figure 6 . Model superficially porous silica gels. A: synthesized porous silica gel on the surface of nonporous core silica gel. B: small nonporous silica gels are attached on the surface of nonporous core silica gel. C: etching the dense surface porous silica gel or whisker silica gels to increase the pore size.
Performance of Superficially Porous Packing Materials based on the van Deemter Equation
Applications of Superficially Porous Packing Materials
Conclusions
Understanding the fundamental retention mechanisms in chromatography allows the researcher to select a suitable packing material and chromatographic conditions, such as the selection of eluent components, the practical column size, and the required instruments. The probable interactions can be recognized from the chemical structures of the analytes and stationary phase materials and the chromatography modes [14, 15] .
Chromatographic retention is driven by molecular interaction between an analyte and a stationary phase. Such interaction is considered a Lewis acid-base interaction, and the interaction is induced at chromatographic conditions. The phenomenon is similar to a contact charge transfer. An electron rich site and an electron poor site are attracted to each other but do not transfer electrons as in organic reactions. Quantitative explanations can be achieved using computational chemical calculations (in silico). The molecular interaction forces are a combination of solubility factors, and can be obtained as van der Waals, hydrogen bonding and electrostatic energy values after molecular mechanics calculations. Steric hindrance must be considered for chiral and affinity liquid chromatographies [15] . The typical interaction site is found from the atomic partial charge of contact atoms. Figures 2-4 showed the electron localization of model phases.
Van der Waals interaction is predominant for hydrophobic interaction (reversed-phase) liquid chromatography, and hydrogen bonding is predominant for hydrophilic interaction liquid chromatography. Up to 5 units of alkyl-chain methylene can affect the hydrophobicity of alkyl chains [29] . Hydrophilic interaction is based on hydrogen bonding and electrostatic forces. Ion-exchange is also driven by electrostatic forces. The difference is in the degree of electrostatic force. The electrostatic force in the HILIC mechanism is like the contact charge transfer: the energy level is lower than the hydrogen bonding energy. However, the electrostatic energy level is higher in the ion-exchange mechanism.
Such a complementary approach (computational chemical analysis) is a promising technique with the potential to analyze quantitatively the mechanisms of molecular interaction between analytes and solid phases, especially given the feasibility of modeling three-dimensional structures of biological macromolecules, such as proteins. Importantly, this technology can be easily used to study the retention mechanisms in chromatography for a variety of phases [28] .
Therefore, combining chromatography and computational chemistry offers new possibilities in developing a quantitative description of molecule interaction relevant to analytical chemistry. Prediction of boiling point, dissociation constant, and albumin-drug binding affinity were demonstrated as practical applications of in silico chromatography [15] . Furthermore, a combination of quantitative molecular recognition analysis and electron transfer studies permits the quantitative analysis of enzyme reaction mechanisms [15] .
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